Abstract Owing to its anti-inflammatory efficacy in various autoimmune disease conditions, intravenous immunoglobulin (IVIG)-pooled IgG obtained from the plasma of several thousands individuals-has been used for nearly three decades and is proving to be efficient in a growing number of neurological diseases. IVIG therapy has been firmly established for the treatment of Guillain-Barré syndrome, chronic inflammatory demyelinating polyneuropathy, and multifocal motor neuropathy, either as first-line therapy or adjunctive treatment. IVIG is also recommended as rescue therapy in patients with worsening myasthenia gravis and is beneficial as a second-line therapy for dermatomyositis and stiff-person syndrome. Subcutaneous rather than intravenous administration of IgG is gaining momentum because of its effectiveness in patients with primary immunodeficiency and the ease with which it can be administered independently from hospital-based infusions. The demand for IVIG therapy is growing, resulting in rising costs and supply shortages. Strategies to replace IVIG with recombinant products have been developed based on proposed mechanisms that confer the anti-inflammatory activity of IVIG, but their efficacy has not been tested in clinical trials. This review covers new developments in the immunobiology and clinical applications of IVIG in neurological diseases.
Introduction
The success story of the clinical application of pooled IgG preparations from thousands of donors, so-called intravenous IgG (IVIG) therapy, to patients with autoimmune disease conditions began more than 30 years ago. In 1980, Imbach et al. [1] started the first IVIG administration at an empirical dose of 0.4 g/kg bodyweight as a replacement therapy in a boy with immune thrombocytopenia (ITP) and secondary hypogammaglobulinemia due to long-term immunosuppressive treatment. After the first administration of IVIG, his platelet counts dramatically increased and IVIG therapy was continued at the same dose for a total of 5 days. Twelve consecutive children with ITP but without hypogammaglobulinemia showed the same phenomenon [1] . Later studies confirmed these results in adult patients with ITP, initiating the widespread use of IVIG preparations as an immunomodulatory therapy for the treatment of other autoimmune diseases [2] .
Today, IVIG therapy is used in the treatment of a wide variety of diseases, with >75 % of the IVIG in the USA administered to patients with autoimmune or inflammatory conditions [3] . The Food and Drug Administration (FDA)-approved indications for immune globulin therapy are limited, but a large number of diseases, especially those seen by neurologists, have shown potentially beneficial responses to IVIG. Based on controlled clinical trials IVIG is now recognized as first-line therapy in patients with Guillain-Barré syndrome (GBS), chronic inflammatory demyelinating polyneuropathy (CIDP), and multifocal motor neuropathy (MMN). It is an effective rescue therapy in some patients with worsening myasthenia gravis (MG) and beneficial as secondline therapy in patients with dermatomyositis and stiff-person syndrome [4] . Despite its widespread use and broad efficacy, the mechanisms that confer the anti-inflammatory or immunomodulating activity in autoimmune disease conditions are poorly understood. This review provides on overview of the immunobiology of the proposed mechanisms of action of IVIG and its clinical efficacy in neurological diseases.
Immunobiology of IVIG
The production of IVIG follows the general guidelines established by the International Union of Immunological Societies and the World Health Organization. The source material should be plasma obtained from a pool of at least 1000 donors. Final products should be free of any potentially harmful contaminants, which includes testing for HIV 1 and 2, hepatitis C virus antibodies, hepatitis B surface antigen, and high titers of ABO antibodies, to reduce the risk for hemolytic reactions. The levels of IgG complexes and concentrations of IgA should be kept to a minimum to avoid overt immune stimulation and anaphylactic reactions in patients with IgA deficiency and anti-IgA antibodies, respectively. The final product should contain at least 90 % intact IgG and subclasses should be present in similar proportions to those in normal blood plasma. There are 4 subclasses in humans (IgG1, IgG2, IgG3, and IgG4), named in order of their abundance in serum, with IgG1 being the most abundant (60-70 %) followed by IgG2 (20 %), IgG3 (7 %), and IgG4 (3 %). These subclasses differ in their ability to induce complement activation (IgG3 > IgG1 > IgG2) and their affinity for IgG-Fc receptors (IgG1 > IgG3 > IgG4 > IgG2).
IgG molecules are glycoproteins that can be divided into 2 functional components: 1) the C-terminal immunoglobulin domains CH3 and CH2 of the antibody heavy chain constitute the Bfragment crystallizable^(Fc) domain; and 2) the Nterminal CH1 and VH domains together with the antibody light chain constitute the Bfragment antigen binding^domain (Fab) (Fig. 1A) . These 2 domains are joined by hinge regions providing flexibility to the antibody. Fab domains contain highly variable Bcomplementarity determining regions^, which are responsible for antigen recognition. The purpose of the Fc region is to provide stability to the antibody and to combine the specificity of the Fab with cellular and humoral effector mechanisms.
IgG has evolved to fulfill its functions using many mechanisms of the immune systems, which, in turn, requires a broad spectrum of regulatory mechanisms to tightly control and coordinate the properties of IgG. This is mainly achieved by structural diversification of the Fc resulting either from the usage of 1 of the 4 distinct IgG isotypes or by alteration of the Fc-linked glycan (Fig. 1B) . The Fc-linked glycan comprises a single, highly conserved canonical glycosylation motif present in both of the 2 Fc polypeptide chains, each of which is composed of a nonvariable structure consisting of 2 N-acetylglucosamine residues followed by 3 branched mannose residues. The vast majority of glycans also contain Nacetylglucosamine on the alpha 1-3 and alpha 1-6 arm, and a small fraction additionally contains a so-called bisecting Nacetylglucosamine on the alpha 1-4 arm. The presence of the core heptasaccharide is a key component for antibody functionality and essential for IgG to pass post-translational quality control. In contrast, the presence or absence of fucose, terminal galactose, and sialic acid on the glycan is not essential and can therefore be used by the immune system to finetune effector functions of IgG.
Receptors binding the Fc region of IgG, so called Fc gamma-receptors (FcγRs) are crucial in mediating the effector functions of antibodies. Traditionally, these receptors are divided into 2 groups, based on their activating or inhibitory properties reflected by the presence of either immune thyrosininhibitory molecule or immune thyrosin-activating molecule sequences in their intracellular domain or their signaling adaptor molecules (Fig. 2) . The receptor's affinity for IgG determines whether IgG binds in a monomeric form and cells expressing the respective FcγR are therefore constantly associated with surface-bound antibodies, or only bind if the avidity is increased by the recognition of an antigen and the formation of an immune complex. Monocytes, macrophages, and dendritic cells (DCs) express several FcγRs on their cell surface and can co-express activating FcγRs (FcγRI, FcγRIIA(C) FcγRIIIA) with the inhibitory FcγRIIB. Relative expression levels of activating versus inhibitory receptors have been shown to influence the response towards immune complexes and set the threshold for DC activation [5] . In addition to its function in myeloid cells, FcγRIIB negatively regulates signaling via the B-cell receptor complex, resulting in decreased antigeninduced proliferation and antibody production [6, 7] . Its expression on plasma cells controls their persistence in the bone marrow [8] , while deletion of FcγRIIB leads to increased frequencies of autoreactive plasma cells [9] . FcγRIIIA is the main FcγR found on natural killer cells, where it is essential for the lysis of tumor or virus-transformed cells by antibodydependent cell-mediated cytotoxicity.
Fc-receptors also contribute to the long half-life of IgG antibodies of approximately 21 days for the most abundant subclasses IgG1 and IgG2. The neonatal FcR (FcRn), similar in structure to major histocompatibility complex class I molecules, cycles between the cell surface and acidic endosomal compartments where a low pH allows its binding to internalized IgG (Fig. 2) . FcRn-IgG complexes are then transported back to the cell surface and physiological pH leads to subsequent dissociation of the FcRn-IgG complex [10] . This process increases the half-life of IgG molecules up to 5-fold [11, 12] .
Potential Mechanisms of IVIG Efficacy
IVIG preparations contain antibodies directed against a broad range of pathogens, as well as against numerous foreign and self antigens. Based on the architecture of their Fc domain, antibodies differ in their ability to induce Fcmediated effector functions, such as activation of innate immune cells via Fc receptor binding or complement activation, as discussed above. Given the heterogeneity of the various autoimmune disease conditions that respond to IVIG, it seems likely that different disease-specific pathways mediate the clinical efficacy of this agent for a given disease. Hence, it has been difficult to identify a general mechanism for the anti-inflammatory or immunomodulating efficacy of IVIG. Potential mechanisms identified so far have mainly been attributed to the F(ab′) 2 domain, the Fc domain, and/or the Fc-linked N-glycan. F(ab′) 2 
-mediated Mechanisms
An example for F(ab′) 2 -mediated mechanisms, Fas-FasL (also called CD95-CD95L) receptor-ligand mediated apoptosis of keratinocytes, an early morphologic feature in patients with toxic epidermal necrolysis (Lyell syndrome), was shown to be inhibited by blockade through CD95-binding antibodies in IVIG preparations, and patients with toxic epidermal necrolysis showed a clinical benefit from IVIG therapy [13] . Additional specificities found in IVIG and implicated as potentially important therapeutic targets are anti-idiotype antibodies that might neutralize pathogenic antibodies such as glycolipid-specific antibodies in GBS or acetylcholine receptor-targeting antibodies in patients with MG [14] [15] [16] [17] . Moreover, the presence of antibodies against T-cell receptors within IVIG preparations might shape the T-cell repertoire during inflammatory responses [18] .
Fc-mediated Mechanisms
Unlike F(ab′) 2 -mediated anti-inflammatory properties, which have so far only been demonstrated in vitro or in animal models, a clinical trial demonstrated that infusion of Fc fragments alone is an efficient treatment of acute ITP in children [19] , suggesting that the beneficial clinical effects of IVIG in ITP are Fc-mediated. Potential mechanisms include FcγR blocking [20] , modulation of FcγR expression and signaling [21, 22] , increased autoantibody clearance by FcRn saturation [23] , suppression of immunoglobulin production [24] , modulation of antigen-presenting cell activation by induction of inhibitory FcγRIIB [25] , and blockade of complement proteins [26, 27] . Other potential mechanisms are induction of regulatory T cells by peptide sequences called Btregitopes^c ontained within the IgG constant regions [28] , and inhibition of differentiation and maturation of dendritic cells [29] .
The presence of sialic acid in IgG Fc glycans has also been implicated in mediating the anti-inflammatory properties of IVIG. The significance of IgG glycosylation is highlighted by the loss of therapeutic activity of deglycosylated IVIG preparations [30] . Conversely, IVIG preparations, as well as isolated Fc fragments enriched for terminal sialic acid residues, have a more than 10-fold higher anti-inflammatory activity in an antibodymediated animal model of rheumatoid arthritis (K/BxN model) [30, 31] . The requirement of sialic acid for the protective effect of IVIG was confirmed for several but not all autoimmune disease models investigated [32] [33] [34] [35] .
Clinical Efficacy of IVIG in Neurological Diseases
A number of randomized controlled trials have shown that IVIG is effective in acute and chronic demyelinating neuropathies, in worsening MG as short-term therapy, in certain inflammatory myopathies, and in stiff-person syndrome (Table 1) . In large number of case series but not controlled studies, IVIG is also promising in treating various neuroinflammatory, painful, or even neurodegenerative disorders. For these diseases, however, the use of IVIG is largely Boff-label^, even when efficacy has been established with randomized trials. As a result, and because of the high cost or at times unwise use, insurance carriers, healthcare organizations, and government agencies many times do not approve IVIG therapy, even for disorders where there is evidence-based efficacy or approved indications. A judicious use of the drug is therefore necessary, with periodic assessments of its continuous effectiveness to avoid unnecessary use or overtreatment, as discussed [36] . However, as clinicians, we need to have an open mind to help patients with autoimmune neurological syndromes that do not always fit into a predefined or restricted category for which there is an approved indication. In such circumstances, if a patient does not demonstrate any objective clinical benefit after 2-3 infusions, it is unlikely that IVIG will be useful and should not be continued to avoid unwise use and unnecessarily high cost. The diseases in which IVIG has been tested in controlled trials include the following.
GBS
Based on at least 2 randomized trials, one dose of IVIG (5-day regimen of 0.4 g/kg/day) was comparable to plasmapheresis (PE) in outcome measures, including time to unaided walking and discontinuation of ventilation (class I evidence) [37, 38] . Combining IVIG with PE or with 500 mg intravenous methylprednisone produces no incremental response. In GBS variants, such as the acute axonal motor or motor sensory forms, Miller-Fisher syndrome, or acute dysautonomia, IVIG appears to be helpful, but controlled studies have not been conducted. IVIG remains the treatment of choice in childhood GBS, based on observations attesting to a faster recovery and reduced morbidity, but controlled studies are not available and may never be conducted. In mechanically ventilated children, however, PE may be superior to IVIG [39] . Whether a second IVIG infusion may offer additional benefit when improvement has either not occurred or is inadequate 3 weeks after the first infusion, remains unclear in spite of anecdotal evidence [40] . Because a small increase in serum IgG level 2 weeks after a single IVIG infusion was independently associated with a significantly slower recovery and more disability at 6 months [41] , a low ΔIgG 2 weeks after the initial infusion was considered a sign that a higher dosage or a second course may be helpful for patients who exhibit poor outcome. On this basis, a controlled study assessing the benefit of a second IVIG infusion is currently ongoing.
CIDP
Controlled studies have shown that steroids, PE, and IVIG are equally effective on a short-term basis [42] [43] [44] . The ICE trial, the largest ever conducted in CIDP, has showed that IVIG is safe and effective not only in the short term, but also in the long term, leading to the first FDA-approved indication for a brand of IVIG (class I evidence) [45] . A strong and positive effect on quality of life and improvement in some electrophysiological measurements were also noted [46, 47] . In most patients, IVIG becomes effective after 6 weeks, necessitating the need for at least 2 infusions before it can be concluded that IVIG is ineffective [48] . Although IVIG is generally considered as first-line therapy, based on the ICE trial, the choice of how best to initiate therapy (choosing between prednisone, IVIG, or PE, which are all effective in controlled trials) is judged against cost, long-term side effects, patient age, venous access, disease severity, and concurrent illnesses. In practice, we have also noticed, for reasons that still remain unclear, that some patients respond predominantly to IVIG, others to prednisone, and still others to PE. Patients more likely to respond to IVIG appear those with disease duration <1 year, a relapsing course, and electrophysiological signs of demyelination with conduction block [49, 50] . At the molecular level, single nucleotide polymorphisms corresponding to transient axonal glycoprotein 1 were significantly associated with improvement from IVIG [51] , suggesting that, if confirmed, responsiveness to IVIG may be genetically determined. FcγRIIB expression was reported to be decreased in treatment-naïve patients with CIDP and upregulated upon clinically effective IVIG therapy [21] , suggesting that the effect on FcγRIIB may be a factor predicting the patients more likely to respond to IVIG. Further, the effect of IVIG on glycosylation of immunoglobulin and FcγRIIB is currently being explored as a potentially biomarker predicting IVIG responsiveness.
MMN
Unlike CIDP and GBS, MMN does not respond to steroids or PE, only to IVIG. Efficacy has been established with a number of controlled trials [52] [53] [54] . As a result, regulatory agencies in the US approved the IVIG product from Baxter (Deerfield, IL, USA) for the treatment of MMN. The improvement lasts from 3 to 6 weeks, requiring reinfusion at almost predictable time periods. As symptoms diminish, the electrophysiologic conduction block may resolve [53] . Therapy starts with 2 g/kg but the response can be maintained with 1 g/kg.
Other Neuropathies IVIG has been unsuccessful in anti-myelin-associated glycoprotein demyelinating, neuropathy based on 2 controlled trials [55, 56] . It has been anecdotally tried in diabetic amyotrophy [57, 58] , vasculitic neuropathy [59] , and in some painful sensory neuropathies, such as those associated with Sjögren syndrome [60] , with variable results. At this point, the evidence of efficacy is overall insufficient to earn recommendation for use of IVIG in any of these conditions.
MG
The use of IVIG in MG has been examined in randomized trials for treating exacerbations in lieu of plasmapheresis. In 2 randomized trials, IVIG was as effective as plasmapheresis at day 15 [61] . In one of the studies [62] , there was no difference between patients randomized to 1 g/kg for 1 day versus 2 g/kg for 2 days. IVIG was also superior to placebo, 14 days after therapy, in patients with moderate-to-severe MG and Bworsening weakness^ [63] . Although IVIG may be effective on a short-term basis, its role in the chronic management of the disease or as a steroid-sparing drug has not yet been established [64] necessitating 2 ongoing trials, the first to establish long-term efficacy and the second to explore the steroid-sparing effect. The efficacy of IVIG has also not been tested in seronegarive or muscle-specific tyrosine kinasepositive MG. At present, IVIG may be justified in lieu of plasmapheresis for acutely worsening disease to prevent or minimize impending bulbar or respiratory failure or prepare a weak patient for thymectomy. IVIG may be also effective in Lambert-Eaton myasthenic syndrome, based on a small placebo-controlled study that showed a statistically significant increase in muscle strength compared with placebo, 2-4 weeks after therapy [65] .
Inflammatory Myopathies
They comprise 4 subsets: dermatomyositis, polymyositis, inclusion body myositis, and necrotizing autoimmune myositis. In a double-blind, placebo-controlled study conducted in dermatomyositis, compared with those treated with placebo, the patients treated with IVIG experienced a significant improvement in strength and muscle function, and a marked improvement of the active rash or the chronic scaly eruptions [66] .
Repeat muscle biopsies demonstrated significant improvement in the muscle cytoarchitecture, including increased muscle fiber diameter, revascularization, reduction of inflammation, interception of complement deposition, resolution of immunopathology, and downregulation of inflammatory mediators at the protein, mRNA, and gene level [67] [68] [69] [70] . This study was important to demonstrate that an effective action of IVIG is via inhibition of complement. In dermatomyositis, early deposition of membranolytic attack complex on the endomysial capillaries is the fundamental process leading to capillary destruction, muscle ischemia, and inflammation. In improved patients, IVIG inhibited complement consumption in serum and intercepted the complement-mediated destruction of capillaries with resolution of immunopathology. IVIG seems effective in some patients with polymyositis and necrotizing autoimmune myositis [71, 72] , but a controlled study has never been performed. IVIG is ineffective in inclusionbody myositis, based on 2 controlled studies [68, 73, 74] . Combination of IVIG with prednisone was also ineffective and did not exert a synergistic effect in patients with inclusion-body myositis [75] . The reason for such inefficacy was recently explored in the repeated biopsies of these patients and found that while there was downregulation in the expression of some inflammatory molecules in the patients' muscles, several crucial markers of inflammation, cell stress, and degeneration remain unchanged [76] .
Stiff-person Syndrome
Stiff-person syndrome is a disabling autoimmune disorder characterized by muscle rigidity, episodic muscle spasms, and antibodies to glutamic acid decarboxylase 65 [77] . In a placebo-controlled, crossover study [78] , IVIG significantly decreased stiffness scores, and substantially increased walking and functions of daily activities, concluding that IVIG is an effective immunotherapy in stiff-person syndrome.
Multiple Sclerosis
Two initial randomized, double-blind, placebo-controlled clinical trials in patients with relapsing-remitting multiple sclerosis (MS) demonstrated that IVIG treatment reduces the exacerbation rate and clinical progression, as defined by the expanded disability status score, over an observation period of 2 years [79, 80] . However, subsequent multicenter randomized, double-blind, placebo-controlled clinical trials did not confirm these findings. As an add-on treatment to methylprednisolone, IVIG did not further ameliorate MS relapses [81, 82] . No significant reduction of relapse rate and expanded disability status score progression was observed in patients with relapsing-remitting MS compared with those receiving placebo [83] . In secondary progressive MS, compared with placebo, IVIG had no beneficial effects on clinical disease progression or T2-lesion load [84] . These divergent results on the efficacy of IVIG in MS might result from differences in study populations, dosing regimens, and clinical trial design, but led to the conclusion that IVIG is ineffective and not recommended for patients with relapsing-remitting or secondary progressive MS. However, a retrospective study that explored safety and efficacy of IVIG in pregnant women with MS showed that IVIG therapy during pregnancy until 12 weeks postpartum significantly reduced the frequency of MS exacerbations compared with untreated patients [85, 86] . Based on these findings and owing to safety concerns with currently licensed MS drugs during pregnancy and lactation, IVIG is occasionally considered as an optional treatment to reduce the incidence of pregnancy-related or postpartum relapses.
Novel Applications Neuromyelitis Optica
Neuromyelitis optica (Devic syndrome), long considered a clinical variant of MS, is now regarded as a distinct clinical entity. In a retrospective study, IVIG was described to be effective in some patients who experienced acute relapses and did not benefit from steroids or plasma exchange therapy [87] , and might also be effective as long-term treatment [88] . While these data suggest that IVIG therapy could be an alternative for patients with contraindication to immunosuppressive prophylactic treatments such as azathioprine and rituximab or, particularly, in children, randomized controlled trials are needed to establish the efficacy of IVIG for treatment of relapses and prevention of disease progression in patients with this condition.
Autoimmune Encephalitis
Autoimmune encephalitis comprises an expanding group of potentially treatable disorders that occurs in association with antibodies to neuronal cell surface or synaptic proteins. In case series, but not controlled studies, patients with these conditions have been shown to benefit from IVIG therapy, as well as from corticosteroids and plasma exchange, but they often require more aggressive, immunosuppressive therapies with rituximab or cyclophosphamide [89] .
Postpolio Syndrome
This is clinically characterized by new muscle weakness, fatigue, and pain that develop many years after an initial attack of acute paralytic poliomyelitis. It is thought to be due to attrition of the surviving motor neurons [90] . Lymphocytic infiltrates in the spinal cords of have, however, been observed even 30 years after the original infection, and upregulation of RNA for tumor necrosis factor, interferon-γ, interleukin-4, and interleukin-10 has been observed in the cerebrospinal fluid (CSF), suggesting the possibility of a persistent smoldering inflammatory response. Following IVIG treatment, interferon-γ and tumor necrosis factor mRNA levels were reduced in the CSF, prompting a controlled trial performed in 135 patients. Although the results were essentially negative, some significant differences, of uncertain clinical importance, were observed in some physical activity and quality-of-life scores [91] . On this basis, a new FDA-approved multicenter clinical trial has started and is currently ongoing.
Reflex Sympathetic Dystrophy
In the pathogenesis of reflex sympathetic dystrophy and other chronic pain syndromes, proinflammatory cytokines, or antibodies to potassium channels have been implicated. On this basis, IVIG has been tried, with variable results [92] . In a randomized, double-blind, placebo-controlled crossover trial the efficacy of low-dose IVIG 0.5 g/kg was examined in 12 patients 6-19 days after IVIG. Although a reduction in pain scales was noted, the study was too small to conclude on the overall efficacy of IVIG not only in RSD, but also in other pain syndromes. However, the concept is of interest and requires vigorously controlled large-scale trials.
The Emerging Role of Subcutaneous IgG
The subcutaneous route of administering IgG, instead of intravenously, is gaining momentum because of its effectiveness in primary immunodeficiency and ease of self-administration at home on a weekly basis. Subcutaneous IgG (SCIG) is also well tolerated, can be used in patients with poor venous access, has fewer systemic side effects, and is probably less costly. As a result, a number of controlled studies are emerging in CIDP, MMN, and dermatomyositis, especially with new high-concentration products that allow the self-infusion of high IgG quantities. In a small CIDP trial, 30 patients were randomized to SCIG or placebo at home. After 12 weeks, the SCIG group had a statistically improved strength and stability of electrophysiology compared with placebo [93] . Large-scale controlled studies are ongoing, examining the safety, formula of transitioning from IVIG to SCIG, and efficacy and patients' preference.
Pharmacokinetics of IVIG versus SCIG
An infusion of 2 g/kg IVIG increases the serum IgG level >4-fold, from pretreatment means of 700-1060 mg/dl to a peak well over 3000 mg/dl [94] , dropping to about 50 % over 48-72 h. The infused IgG is also seen in the CSF, where it peaks by 2 days to almost twice the baseline [95] . The infused IVIG is distributed in the extracellular space, which is about double the intravascular space [96] ; it is then catabolized slowly compared with other plasma proteins via FcRn, which recycles IgG and protects it from lysosomal degradation [97] . As a result, the half-life of IgG is maintained at approximately 21 days, and repeated infusions are needed after 1 month. The saturation of the FcRn with high concentrations of normal IgG from the infused exogenous IVIG keeps the endogenous pathologic IgG from this pathway and increases its degradation [98] . In contrast, SCIG is first transported through the lymphatic systems and enters the bloodstream via the thoracic duct, with equilibration of IgG derived from SCIG into the intravascular space requiring up to 72 h [96] . The peak serum IgG concentration achieved with SCIG is, on average, 61 % of the peak achieved with intravenous infusions of the same dose [99] . This probably accounts for the fewer adverse events compared with IVIG. With weekly SCIG, only a few days elapse between the peak serum level from 1 intravenous dose and administration of the next subcutaneous dose; this clearly obviates the low Btrough^serum IgG levels experienced 3-4 weeks after a large bolus of IVIG [100] . Of interest, pooled data have shown that serum IgG levels are higher by 10-20 % (mean 13 %) with weekly SCIG compared with monthly IVIG [96] . After 6-12 weekly infusions, SCIG results in near steady-state IgG levels, with peak trough differences only about 5 % of the overall mean. In contrast, with IVIG the trough-to-peak difference is often >100 % of the overall mean. With the weekly SCIG, the levels of IgG at 7-10 days is the same as the one achieved by IVIG in that period; however, the difference is that with IVIG the IgG drops thereafter while with SCIG it remains constant, indicating a good means of sustaining response. Whether these interesting kinetics translate into the same degree of efficacy of SCIG as that of IVIG in the treatment of autoimmune neurological disorders is currently being explored within controlled trials.
IVIG Therapy: Practical Issues Administration
As discussed earlier, the therapeutic dose of IVIG is empirically set at 2 g/kg, as originally applied by Imbach et al. [1] . This dose is given over 2-5 days, and followed by a maintenance dose of 1-2 g/kg every 3-4 weeks; although the majority of clinicians prefer to infuse the total dose over 2 days and most studies have used this formula, in older people and those with impaired renal or cardiovascular function it is prudent to administer the dose over 3-5 days.
Adverse Reactions
Common Infusion-related Reactions
These are usually minor and occur in not more than 10 % of patients. The most common include mild-to-moderate headache that responds to nonsteroidal anti-inflammatory medications, fever, chills, myalgia, and chest or back pain that occur during the first few hours of the infusion and usually respond by stopping the infusion for 30 min and resuming it at a slower rate. Postinfusion fatigue, fever, or nausea may also occur and last for up to 24 h. In a large retrospective evidence-based study of all trials performed in neuromuscular disorders, headaches occurred in 16.6 % of patients, fever in 6.6 %, hypertension in 4.6 %, chills in 3.3 %, and nausea in 3.2 % [101] .
Rare, More Serious Reactions
Rare, more serious reactions include thromboembolic events, such as strokes, pulmonary embolism, or myocardial infarction [102] [103] [104] [105] [106] [107] . Patients with recent deep vein thrombosis, or immobilized patients who may have a subclinical thrombosis, may be at higher risk. The main causative factor may be an increase in serum viscosity, especially in patients with risk factors, such as cryoglobulinemia, hypercholesterolemia, or hypergammaglobulinemia [106] . A reversible cerebral vasospasm has also been noted [108] .
Severe headache due to aseptic meningitis can also be seen. This is unrelated to the proprietary product, the rate of infusion, or the underlying disease [73, 95, 109, 110] . Prophylaxis with intravenous steroids can be occasionally helpful. The symptoms respond to strong analgesia and subside in 24-48 h. Additional diagnostic testing is rarely necessary [109, 110] . The occurrence of aseptic meningitis is higher in migrainous patients [95] , and IVIG may also trigger a migraine attack in patients with a prior history of migraines.
Skin reactions can develop 2-5 days after the infusions and may last up to 30 days. They include urticaria, lichenoid cutaneous lesions, pruritus of the palms, and petechiae of the extremities [73, 109, 111] ; they have occurred in 7 of the 120 patients we have serially treated [73, 109, 111] .
Rare anaphylactic reaction due to absence or severe deficiency of IgA in patients who also have anti-IgA antibodies, rarely seen in patients with common variable immunodeficiency, can occur [112] . IgA deficiency is common in the general population (prevalence~1:1000), but it is asymptomatic and not a risk factor by itself; about 29 % of these individuals have anti-IgA antibodies but the presence of these antibodies does not necessarily predict the development of allergic reaction to IVIG [113] .
Acute renal tubular necrosis, mostly reversible, may rarely occur in patients with pre-existing kidney disease and volume depletion, especially the elderly and those with diabetes or poor hydration. It is more often associated with the high concentration of sucrose in some proprietary IVIG products. Osmotically induced tubular injury and vacuolization are the common histopathological findings upon renal biopsy. It is usually reversible, but rare fatalities have been noted. Is should be noted that serum creatinine may rise 1-10 days after the infusion but returns to baseline within 2-60 days of discontinuation. In patients with preexisting kidney disease, close monitoring of creatinine and blood urea nitrogen are essential, while slowing the rate of infusion or selecting products with low osmolality minimizes that risk.
Laboratory Abnormalities After IVIG therapy, the erythrocyte sedimentation rate increases 6-fold owing to enhanced rouleux formation and reduced surface area caused by the infused gamma globulin [111, 114] . This false increase can persist for 2-3 weeks, and should not be considered a sign of a developing vasculitis. Hyponatremia, as low as 130 mg/ l (normal 135-145 mg/l), after IVIG therapy can be detected. This is also due to the assay method used to measure Na + because additional dilution of the sample is required owing to the high serum protein concentration that follows IVIG infusion. A mild and inconsequential leukopenia can be also observed.
Differences in Products and Pharmacoeconomics
Among the various IVIG preparations on the market, there is no documented evidence that one is more efficacious than the other for a given disorder. Their cost is also similar. However, some products may be preferable for highrisk patients because these products are low in osmolality, sodium, or sucrose, and presumably have fewer side effects in high-risk patients [3] . Although, IVIG is considered safe for long-term administration, compared with other effective therapeutic modalities such as PE, corticosteroids, or immunosuppressants used in autoimmune neuromuscular disorders, there are no comparative long-term data. The same also applies to pharmacoeconomics, where no long-term comparative studies between these therapies have been performed, except for some limited data being obtained for CIDP [115] .
Future Prospects
Evidence from controlled clinical trials has established IVIG as a first-line therapy for GBS, CIDP, and MMN.
IVIG might be considered as short-term therapy for moderate-to-severe and worsening MG, and it is effective as second-line therapy for treating patients with dermatomyositis, stiff-person syndrome and Lambert-Eaton myasthenic syndrome. The therapeutic benefit of IVIG is short lived and probably explained by the half-life of IgG molecules in vivo. Evolving studies are now exploring the effects and superiority of subcutaneous IgG compared with IVIG in chronic maintenance therapy once induction benefit has been established with IVIG. As with other immunomodulatory treatments, a subset of patients does not benefit from IVIG therapy and, at present, we are unable to predict which patients will respond to IVIG. Thus, surrogate parameters that could predict from the outset which patients are more likely to respond are needed. Progress towards this goal is profiling expression levels of Fcγ receptors. Expression of the inhibitory FcγRIIB on B cells and myeloid cells is impaired in patients with CIDP, but upregulated following clinically effective IVIG therapy [21, 116] . Upregulation of the FcγRIIB is also observed in animal models of autoimmune disease conditions following effective IVIG treatment [30, 117] . In addition, single nucleotide polymorphisms from genes encoding for the transient axonal glycoprotein 1 and the C-type lectin domain family 10, member A are reported to be associated with the clinical outcome of IVIG therapy in patients with CIDP [51] . These candidate biomarkers require validation in larger cohorts and it will be useful to implement a biomarker identification and validation component to define therapeutic responses to IVIG in future clinical trials.
The demand for IVIG therapy is ever-growing but its availability is limited, resulting in supply shortages. Thus, the development of a possible replacement for IVIG in the form of a recombinant product, even if only for a particular disease, would have a major effect. Several companies are currently working towards developing IVIG replacements based on a variety of critical pathways targeted by IVIG therapy. Such developments include recombinant antibodies blocking neonatal Fc receptors for the reduction of autoantibody half-lives, multimeric IgG Fc preparations that block immune complex binding to activating Fcγ receptors, and IVIG preparations with enhanced levels of antiinflammatory sialic acid-rich IgG glycovariants. Such replacement therapies might not be effective in all IVIGresponsive autoimmune diseases as they target more specific disease mechanisms than intact native IVIG, while many conditions that respond to IVIG therapy have differing pathological profiles. Clinical studies are therefore needed to evaluate which of the aforementioned recombinant IVIG replacements is effective and for which type of autoimmune disease. In addition, advances in our understanding of how IVIG exerts its beneficial effects in specific neurological diseases might also enable us to develop novel therapeutics with immunomodulatory activities similar to those of native IgG for targeted immunotherapeutic interventions.
